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Introduction
Resective epilepsy surgery can be curative and potentially life-saving if seizure freedom is sustained over an extended period 1 . Despite advances in imaging and surgical techniques, the surgical outcome of drug-resistant temporal lobe epilepsy (TLE) has plateaued, with only 40-60% patients attain long term seizure freedom following anterior temporal lobectomy (ATL) 2 .
One prevailing hypothesis of seizure recurrence post-ATL is that a subset of patients have an underlying epileptogenic network extending beyond the temporal "focus" and may include subcortical structures including the thalamus 3, 4 . Multiple structural and functional MRI studies have demonstrated the persistence of thalamotemporal connectivity as a predictor of seizure recurrence and a marker of poor prognosis following ATL 3, 5 . In TLE, thalamic subnuclei play a diverse role in the initiation and propagation of seizures. The anterior nucleus has gained substantial interest recently from the success of deep brain stimulation (DBS) therapy in focal epilepsy, but the pulvinar, mediodorsal, and centromedian nuclei have all been studied in human epilepsy 4, 6, 7 . In preclinical models of TLE, the midline thalamus (reuniens and rhomboid nuclei)
have -a) the majority direct thalamic input to the hippocampus with reciprocal connectivity to other limbic cortices (amygdala, anterior cingulate, medial prefrontal cortex); b) is involved in the initiation of limbic seizures; c) has excitatory influence on the epileptogenic hippocampus;
and d) its inhibition can reduce induced seizures from the hippocampus 4, [8] [9] [10] [11] . A human electrophysiological study replicating some of these preclinical findings is lacking. In this firstin-man study that incorporates direct electrophysiological recordings from the midline thalamus, we hypothesize that mesial temporal lobe seizures recruit the midline thalamus early at seizure onset and before the clinical manifestation. response (10 to 100 ms after stimulation) was z-score transformed using the baseline (-100 to -2 s) mean and standard deviation. Epochs without higher than 3 z-score maximal value were excluded from the average 13 .
e) Time-frequency decomposition of thalamogram: Preprocessed data was S-transformed between 1-100 Hz, and average power was plotted with an overlaid white line 14 .
Results

a) Ictal recruitment of midline thalamus:
Demographic, seizure and outcome information regarding the three patients are summarized in Table 1A . 
c) Variable reciprocal connectivity between midline thalamus and epileptogenic hippocampus:
CCEPs demonstrated bi-directional but asymmetrical connectivity between the midline thalamus and anterior hippocampus (stronger connectivity from the hippocampus to the thalamus than vice versa) (Fig.2) . The CCEP hippo→thal was higher for Subject 1 than in Subject 2 (amplitude z scores -34.1 vs. 6.3) (Fig.2D,E) . In Subject 3, a single pulse stimulation of anterior hippocampus induced a habitual seizure and hence CCEPs was not obtained.
Discussion
Increasingly studies have demonstrated the distributive nature of the seizure focus in TLE, with connections of the mesial temporal regions to distant sites like the insula or orbitofrontal regions 16, 17 . Identifying the remote ictogenic sites is critical as ATL in these "Temporal-plus" epilepsies can only achieve suboptimal seizure control 16, 17 . Here, we demonstrate in humans the midline thalamus as another remote structure that can be within the neural circuit associated with initiation and propagation of mesial temporal onset seizures. The study highlights the temporal variability in the ictal recruitment of midline thalamus. The strength of connectivity between the hippocampus and the midline thalamus varied between the patients. The stronger connectivity from the hippocampus to the thalamus in Subject 1 might explain the fast recruitment of thalamus at seizure onset.
The connectivity of the human midline thalamus is unknown, but the nucleus reuniens in rodents has strong excitatory projections to CA1 and mesial prefrontal cortex 9, 11 . The excitatory input of the midline thalamus to the hippocampus can potentially alter excitability and generate seizure from the hippocampus 9
. In all three subjects we were able to induce the habitual seizure by stimulating the thalamus, but ictal EEG changes in the cortex were variable. One explanation for lack of ictal EEG changes could be that stimulation of the thalamus resulted in excitation of the 
Conclusion
Mesial temporal lobe seizures can recruit midline thalamus at seizure onset, and habitual seizures can be replicated by stimulating the thalamus. Unlike the anterior thalamus that is implicated in propagation of temporal lobe seizures, the midline thalamus can be within the seizure onset network in TLE that needs to be clarified in a larger cohort. With the widespread acceptance of robot-assisted sEEG investigation to localize epilepsies, electrophysiological sampling from the thalamus is feasible and maybe justifiable in selected patients where the demonstration of early thalamic recruitment can be used to improvise therapies (-like implanting responsive neurostimulation in the thalamus
18
) that complement resection.
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